Redshifted intergalactic 3 He + 8.7 GHz hyperfine absorption 
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Motivated by recent interest in redshifted 21 cm emission of intergalactic hydrogen, we investigate 
the 8.7 GHz 2 Si/2 F = — 1 hyperfine transition of 3 He + . While the primordial abundance of 3 He 
relative to hydrogen is 10~ , the hyperfine spontaneous decay rate is 680 times larger. Furthermore, 
the antenna temperature is much lower at the frequencies relevant for the 3 He + transition compared 
to that of z > 6 21 cm emission. We find that the spin temperature of this 8.7 GHz line in the 
intergalactic medium is approximately the cosmic microwave background temperature, such that 
this transition is best observed in absorption against high-redshift, radio-bright quasars. We show 
that intergalactic 8.7 GHz absorption is a promising, unsaturated observable of the ionization history 
of intergalactic helium (for which He n— »He ill reionization is believed to complete at z ~ 3) and 
of the primordial 3 He abundance. Instruments must reach ~ 1 /uJy RMS noise in bands of 1 MHz 
on a Uy source to directly resolve this absorption. However, in combination with H I Lya forest 
measurements, an instrument can statistically detect this absorption from z > 3 with 30 /ijy RMS 
noise in 0.1 MHz spectral bands over 100 MHz, which may be within the reach of present instruments. 

PACS numbers: 95.30.Dr, 32.10.Fn, 98.62.Ra 



I. INTRODUCTION 

The 2 Si/2 F = — 1 hyperfine splitting of neutral 
hydrogen at 1.42 GHz has been the subject of intense 
study as an observable of the cosmological reionization 
of hydrogen. Several experiments aim to map the high- 
redshift 1.42 GHz emission, but another approach is 
to study the pre-reionization era in absorption against 
bright radio sources (H-Q ■ This approach is restricted to 
times when the spin temperature of intergalactic hydro- 
gen is close to the cosmic microwave background (CMB) 
temperature (z > 15) and may prove difficult because of 
the paucity of bright radio sources from this era. 

Here, we propose a similar experiment using the 3 He + 
2 Si/ 2 F = 0-1 hyperfine transition at 8.666 GHz 0,0 in 
absorption. This proposal is motivated by the fact that, 
while the abundance of 3 He is ~ 10 _s that of hydro- 
gen, the spontaneous decay rate Aiq is 680 times larger 
(A w = 1.95 x 10~ 12 s- 1 for 3 He+ @) and because we 
find the spin temperature of this transition is close to 
that of the CMB, making z ~ 3 intergalactic 8.7 GHz 
emission very difficult to observe. We show that inter- 
galactic 8.7 GHz absorption can be used as an observ- 
able of cosmological He n— >He III reionization (hereafter, 
"He II reionization") and He i->He II reionization (which 
is believed to be concurrent with H I reionization). This 
absorption can also provide a handle on the abundance 
of 3 He from primordial nucleosynthesis. 

The reionization of the hydrogen and helium in the in- 
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tcrgalactic medium is one of the least understood events 
in our cosmic history. Observations of the Lya forest 
constrain the intergalactic hydrogen to be rcionized at 
z > 6. For any plausible astrophysical spectrum, if it 
ionizes the hydrogen, then helium also becomes at least 
singly ionized. However, it takes a hard source of ultra- 
violet radiation to doubly ionize the helium. Quasars are 
an intense source of such radiation, and their abundance 
peaks at z ~ 3. The present paradigm is that they finish 
doubly ionizing the helium at z ~ However, 
helium becomes doubly ionized at the same time that 
hydrogen is reionized (at z > 6) in more exotic models, 
such as if dark matter annihilation byproducts [ill ] or 
black holes [l2| ionize the hydrogen. 

Several observations of the IGM suggest that He n 
reionization is ending at z ~ 3. Ricotti et al. fl3| and 
Schaye et al. [l4| measured the gas temperature from the 
widths of the narrowest lines in the H I Lya forest and 
found an increase in the temperature of AT ~ 10 4 K 
between z = 3.5 and z = 3 (before a decline at lower red- 
shifts) that is likely due to the heating from He II reion- 
ization. In addition, observations of He II Lya absorp- 
tion at 2.8 < z < 3.3 find 10s of comoving Mpc (cMpc) 
regions with no detected transmission [1 51 ] . which may 
signify the presence of diffuse intergalactic He n [l6| . Fi- 
nally, Songaila [TtJ and Agafonova et al. [H[ interpreted 
evolution in the column density ratios of certain highly 
ionized metals at z rj 3 as evidence for He II reioniza- 
tion. However, all of these probes arc quite indirect and 
their interpretation is controversial. The observable dis- 
cussed in this paper, 3 Hc + hyperfine absorption, would 
be a more direct probe of He II reionization. 

Observations of 3 Hc + hyperfine emission from H n re- 
gions are currently the most reliable method to constrain 
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primordial and stellar production of 3 He [1, Oil H(| . Such 
observations have constrained the fractional abundance 
of 3 He to be 1.5+q.*5 x ltr ' 5 53. consistent with the Big 
Bang Nucleosynthesis value of 3 Hc/H = 1.04± .04 x 10~ 5 
implied by the best-fit WMAP cosmology [2l|. These 
galactic 3 Hc + measurements require detailed modeling of 
H II regions and their emission lines. In addition, tradi- 
tional models predict that stellar nucleosynthesis should 
produce a significant quantity of 3 He in excess of the pri- 
mordial abundance. Surprisingly, in most H II regions, 
a significant excess is not found (e.g. [22|, [23jj). An in- 
tcrgalactic measurement of the 3 He would be much less 
contaminated by 3 Hc produced in stars, and such a mea- 
surement is likely required for a precision measurement 
of the primordial 3 He abundance. 

Previous studies have mentioned 3 He + hyperfine tran- 
sition as a, potential cosmological observable [24T - I281 ] . 
Syunyaev [24J pointed out that this line exists and could 
potentially be used to constrain big bang nucleosynthe- 
sis. Sigurdson and Furlanetto [25| noted that it might 
be easier to observe than the 92 cm hyperfine line of in- 
tergalactic deuterium from the dark ages (the focus of 
their stud y) b ecause of the reduced backgrounds, but, in 
followup, [26[ asserted that detecting it would require a 
heroic effort. 

This is the first study to consider the 3 He + hyperfine 
line in practical detail, and we find that this signal is more 
detectable than previously thought. This paper discusses 
the nature of the intergalactic 8.7 GHz signal, the sensi- 
tivity requirements of an observation to detect it, and this 
line's potential scientific applications. We find that nei- 
ther spin-exchange collisions with electrons nor the scat- 
tering of He II Lyman-series photons in the z ~ 3 IGM 
are sufficient to decouple the 3 He + 8.7 GHz spin temper- 
ature significantly from the CMB temperature. This is 
in contrast to the 21 cm transition of hydrogen, where 
calculations find that the spin temperature is coupled 
to the kinetic temperature by the ambient radiation for 
z < 15 . Because of the small spin temperature of 
intergalactic 3 He + , it is easiest to observe this transition 
in absorption against radio-bright, high-redshift quasars. 

For 2 < z < 6, the 3 He + hyperfine line falls between 
1.2 GHz and 2.9 GHz. This is a higher frequency range 
than that of redshifted 21 cm surveys, and is convenient 
for several reasons. First, the sky temperature (which 
represents the noise floor) at ~ 2 GHz is 4 K [29[ , which 
is much smaller (by a factor > 100) than that of z > 6 
21 cm emission. Frequencies of a couple GHz are also less 
susceptible to ionospheric fluctuations or galactic Fara- 
day rotation than measurements at hundreds of MHz. 
Further, these frequencies are not high enough that the 
lowest major resonances from the atmosphere or from as- 
trophysical sources interfere. We show that constraints 
on the 3 He abundance and He I reionization are formally 
within reach of a 10 5 m 2 interferometer, while a statis- 
tical detection of 8.7 GHz 3 He + absorption from during 
He II reionization could be feasible with existing instru- 
ments. 



This paper calculates the strength of the 3 He + hyper- 
fine absorption signal (Sec. |Hj and discusses its observ- 
ability. Sec. Mil discusses the sensitivity requirements to 
detect this signal in absorption. Finally, Sec. IIVI argues 
that other redshifted lines which fall into this band are 
likely to be subdominant to the 3 He + 8.7 GHz absorption 
and shows that many relevant instrumental considera- 
tions are not as stringent as those to detect high-redshift 
21 cm emission. 



II. THE 3 He + SIGNAL 



A. The optical depth 



The 7=1/2 nuclear spin of 3 He + splits the ground 
state into an F = singlet and an F = 1 triplet, but 
because the nuclear moment has the opposite sign rel- 
ative to hydrogen, the singlet is the excited state [30l |. 
The optical depth to redshift through the hyperfine line 
is [HJ 



T3 He + 



c 3 hA 



10 



n 3H c+ 



16fc B I>f {l + z)dv/dy' 



(1) 



where v\q = 8.7 GHz, ?i3 Hc + = nn/sHe^HeiiAi,, Ah is the 
gas density in units of the cosmic mean, v is the proper 
line-of-sight velocity (Hubble flow plus peculiar velocity), 
and y is the conformal distance. The spin temperature 
T s determines the relative abundance of the hyperfine ex- 
cited state to the ground state as exp[— hvio/(kB T s )]/3, 
and XHeii is the fraction of helium that is He II (and 
XHeii is its volume average). Lastly, /3u e is t ne fractional 
abundance of 3 He relative to hydrogen, which we take to 
be 1.04 x 10" 5 . This is the value for a ACDM cosmol- 
ogy with fib = 0.046, fi ro = 0.27, zero spatial curvature, 
massless neutrinos, a Hubble parameter of h = 0.71, and 
CMB temperature of T C mb = 2.73(1 + z) K [Hj]; we 
adopt this cosmological model throughout. 

For a reference epoch, we take z = 3.6 (1.84 GHz, 
or 16.3 cm) where the fiducial model for He n reion- 
ization in [10| predicts XHeii ~ 0.5, and this prediction 
derives mainly from the observed quasar luminosity func- 
tion. With these choices, we can rewrite Eq. ([1]) as 
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Note that in emission this transition has brightness tem- 
perature (T s — Tcmb) t 3Hc+j which Sec. Ill B I demonstrates 
is negligible for intergalactic 3 Hc + . It is most promis- 
ing to look for the intergalactic signature in absorption 
against bright continuum sources. 

Systems that have overdensities greater than several 
have decoupled from the Hubble flow, and one can picture 
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these regions as a forest of discrete clouds. A cloud with 
column density A 3Ho + in 3 He + has 



T3 Ho + = 1.1 x 10 



A 3Hc + 10 K SOkms" 1 



10 15 cm- 2 T B 



Av 



(3) 



where Av is the velocity width of the cloud (including 
Dopplcr broadening). From the H I Lya forest, we mea- 
sure the neutral hydrogen column density Nm of these 
clouds, so it is more intuitive to write Eq. (j3]) in terms of 
iVm, rather than -/V 3Ho + . If we assume that all the helium 
is He II, photoionization equilibrium for the hydrogen, 
and the analytic formula that maps Nm to A& given in 
Schaye [HJ (valid for iVm 10 18 cm" 2 and which pro- 
vides an excellent fit to numerical simulations), then the 
optical depth to 8.7 GHz absorption of a single structure 
can be written as 



T3 Hc+ 



3 x 10" 
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-12 , 
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Av 



T 



2 x 10 4 K 
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where Ehi is the H I photoionization rate, which is mea- 
sured to be Thi « lO" 1 ^" 1 at z = 2 - 5 (e.g. [H]). 
Column densities of 10 15 cm -2 are commonplace in the 
H I Lya forest (~ 1 per 10 cMpc at z sa 3). 



B. The spin temperature 

The brightness temperature of 3 He + emission scales 
as (T s — Xcmb)/Ts, while the optical depth to absorp- 
tion scales as 1/T S . Therefore, whether the resonance 
is viewed in absorption or emission depends on how de- 
coupled T s is from Tcmb- The spin temperature of the 
hyperfine transition is primarily determined by: 1) ra- 
diative excitation at i>iq, 2) collisional spin exchange, 3) 
excitation by the radiation near He n Lya and other al- 
lowed transitions (through the 3 He + equivalent of the 
Wouthuysen-Field effect) \s£ . Appendix H summa- 
rizes additional, subdominant spin coupling mechanisms. 

In equilibrium, the spin temperature is given by 



_ ^CMB 



X C T, 



1 + x c 



(5) 



where is the kinetic temperature, T a is the effective 
color temperature of the resonant radiation, and the x's 
are coupling coefficients that are given below. Because 
of the large difference between Tk and T a versus Tcmb, 
for relevant values of the cc's Eq. ([5]) can be rewritten as 



T s w Tcmb (1 



Xct ) ■ 



(6) 



Eq. ([5]) and Eq. ^ assume the CMB is the dominant 
background at viq. Seiffert et al. [HI found mild distor- 
tions to the CMB temperature from extragalactic emis- 
sion at radio frequencies, but this emission is negligible 
at 8.7 GHz in the IGM at all rcdshifts [H. 



1. Collisional spin exchange 

Spin exchange from collisions with electrons dominates 
over spin exchange from collisions with ionic and atomic 
species, which have thermal velocities that are further 
suppressed relative to electrons by their masses. The col- 
lisional spin-exchange cross section derived from partial 
wave phase shifts from (3(| is 



a(E) = 



3tt 



4k 2 (E) 
1.05 



1=0 



(7) 



where hk = y/2m e E is the wavenumber of the scattering 
electron and we have worked in the approximation that 
the phase shifts are constant over relevant energies (see 
Appendix [B] for additional discussion regarding Eq. O ■ 
The parameter C in a(E) = C/k 2 (E) has been evaluated 
at 1 eV, and it rises gradually to 1.08 at 8 eV. The s and 
p-wave shifts (£ = and 1) dominate the summation in 
Eq. 0. In addition, the thermally averaged cross section 
is 



1 



(k B T k )- jo 



' d Ea(E)Ee- E ^* l -^ai 



(8) 

where a is the Bohr radius. The collisional coupling 
coefficient is then 1371 



^lO^CMB V 7TTO e C 2 

1.0xl0- 2 A fc {1 + Z ^ ( Tk 



(9) 



4.6 / V 104K 



-1/2 



where n c is the electron density and the second line as- 
sumes that hydrogen is fully ionized and the helium is 
singly ionized. The temperature of the IGM is measured 
from the H I Lya forest to be ~ 2 x 10 4 K near mean 
density at z ~ 2 — 4 [l3|, [Hj]. Therefore, the collisional 
spin coupling will be weak at z = 3.6 except in overdense 
regions (A& > 100 or n e > 3 x 10~ 3 cm" 3 for x c > 1). 



2. Radiative spin coupling 

In addition to collisions, ultraviolet radiation produced 
by He in— >He n recombinations and directly by quasars 
can penetrate into the He n regions and affect T s by 
pumping the hyperfine states through electronic dipolc 
transitions. This effect turns out to be weaker for the 
8.7 GHz transition of 3 He + compared to the analogous 
mechanism for the 21 cm line of atomic hydrogen because 
Aio is much larger in the case of 3 He+ and because the 
radiation backgrounds are much weaker at the 3 He + al- 
lowed dipolc transitions. 

Photons that have energies greater than He II Lya can 
redshift into the He n Lya resonance or higher series 
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resonances. However, scattering off of the higher series 
resonances is not an important contribution to pumping 
3 Hc + hypcrfine states because such photons are removed 
by 4 He + before they redshift into the 3 He + resonances 
[381 ] : A He n Lyn photon scatters on average 5 times by 
4 He + before being destroyed, and the optical depth for 
a photon that redshifts across the 4 He+ Lya resonance 

IS T4HeII,Lya = 4200 X H cII A 6 [(1 + z)/4.6] 3 / 2 (^Hen.Lya = 

0.5 £Heii A;, [(l + -z)/4.6] 3//2 for the 3 Hc+ Lya resonance). 
Approximately 0.3 of each destroyed Lyn photon for n > 
2 ends up as a He II Lya photon, which contributes to 
the pumping [H, H(j ■ 

Coupling of the spin temperature to the color temper- 
ature of the radiation at 3 He + Lya is described by the 
coefficient M, M, |H 



PiqT* 



16 ^XHeII T * off = ^ff Q 
9-AioTcMB Pa 



where 



9.6 x 10 



-10 



4.6 



cm 2 Hz x s x sr 1 , 



(10) 



(11) 



Pin = (4/9) P a 3He+ i s the scattering de-excitation rate 
H3> P a ,m c + = 47TXHeii/3ooSa is the He II Lya scattering 
rate, XhcII = ire 2 / (m e c)f a is the He II Lya cross section 
with oscillator strength f a = 0.416, and k^T* = hv\a. 
The function S a = J dv<p(y)p(y)/ poo (where 4>(v) is the 
absorption profile normalized such that J dv<f>(i>) = 1) 
describes the shape of the spectrum near resonance. The 
spectrum is not changed significantly around resonance 
at relevant Tk such that S„Ril, 

Lya scattering off of 4 Hc+ rather than 3 He+ shapes 
the spectrum of the radiation at the 3 He + Lya resonance, 
which is offset 14 km s _1 redward of the 4 Hc+ Lya res- 
onance or a few vjj for 10 4 K gas, where is a Dopplcr 
width of 4 He+. In the absence of redshift, repeated scat- 
tering off of 4 He+ creates a "mesa" absorption profile in 
the incident spectrum centered on 4 He+ Lya with half- 
width (21ogr4 HcII Lyct ) 1 / 2 v D ~ Av D [H]. Redshifting 
helps to extend the mesa profile across the 3 He+ Lya 
resonance. Energy exchange with the gas during scat- 
tering causes the slope of the flat part of the mesa to 
converge to that of the Planck function with tempera- 
ture equal to T k but whether T a w T k at the 3 He+ 
resonance depends on the temperature, ionization state, 
and density of the gas. Furthermore, absorption of ul- 
traviolet photons by the 3d 3 P^-2P 2 3 P 2 resonance of 
O in that falls 9 km s _1 redward of 3 He+ Lya can also 
deplete the flux redward of this resonance [43[ . This ef- 
fect can drive T s to negative values 43j. Although, this 
effect has only been considered for oxygen abundances 
that are orders of magnitude larger than the mean IGM 
abundance. Because of these considerations, a detailed 
treatment is required to determine T a . Fortunately, such 
a treatment is not required for this study because we find 
a;„ < 1. However, even if x a were near unity, the value of 
T a would not be important for determining T s except in 



locations where T a is fine-tuned such that \T a \ < Tqmb, 
which is unlikely. 

Scatterings from He II Lya photons produced by re- 
combinations pump the 8.7 GHz transition. However, a 
He in— > He n recombination must take place ~ .1 cMpc 
from the edge of the He n region in order for any He II 
Lya photon that results to be able to reach the He n re- 
gion edge before redshifting off resonance [85| . Therefore, 
only if the He II region contains some He III gas (or if the 
recombining gas is near the He n region) are He n Lya 
photons produced by recombinations present. It is likely 
that a large fraction of the ionizing photons during He II 
reionization have long mean free paths and can penetrate 
deep into He II regions, producing He in [HI Ej]. 

An estimate for the specific intensity (in units of 
cm _2 s _1 Hz _1 sr _1 ) at He n Lya from in situ recombi- 
nations is 



Po 



ca B {T)n e h Hc 2 
U.( : {I\ b xuciu) 



4tt 



6 x 10 



-13 



4.6 



9/2 , T v 

V10 4 K J 



dt dz 
dz dv 

0.7 



(12) 



(A 2 x H < 
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where as is the Case B He n recombination coeffi- 
cient, and 0.7 represents the ~ 0.7 Lya photons, on 
average, that each He in— >He II recombination pro- 
duces |45[ ■ The brackets signify the average over the dif- 
fusion scale [this scale must be smaller than the total dis- 
tance a photon travels as it redshifts across resonance or 
0.1(Ai>/10kms -1 ) cMpc and larger than r 4 



1/2 
HcII,Lya 



times 



this distance]. The value of (A 2 xh iii) in most inter- 
galactic He II regions is less than unity because A& ~ 1 
and ccr-cIII ^1- In the simulations of McQuinn et al. 
fioj . at the time that 50% of the helium in the IGM is 
He II, the mean values of XhcIH in He II regions is ~ 0.1 
(and becomes ~ 0.3 when there is net 80% ionization of 
He n). Assuming rcHein = 0.5, the required value of A& 
such that x a ^ 1 is Ab <^ 40 at z = 3.6. Therefore, re- 
combinations are not sufficient except in very overdense 
regions to decouple Ts from Xcmb- 

Higher series Lyman photons can also pump this tran- 
sition. However, only a small fraction n > 2 He II Lyman 
series photons are converted into Lya photons, and their 
contribution to Poo is much smaller than direct He n Lya 
production from recombinations (see j86j). 

Ultraviolet photons with energies greater than 40.8 eV 
and less than 54 eV that are produced by quasars can 
also pump the 3 He + hyperfine states since these photons 
will redshift into the Hell Lyman resonances. (Stars in 
galaxies produce very few photons with energies greater 
than 40.8 eV.) Because quasar spectra should not vary 
significantly over this wavelength interval, the radiation 
that redshifts onto resonances is a fairly homogeneous 
background. (Note that a photon redshifting from He II 
Ly^ to He n Lya travels 600[(1 + z)/4.5] 1/2 cMpc.) 
However, detailed estimates for the UV background from 
quasars in [46| find p < 10~ 12 s _1 cm -2 Hz -1 sr _1 in this 
band, which is insufficient to significantly decouple T s 
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from Tcmb [8] 



strumcntal factors. 



In summary, we find that T s ~ Tcmb except in re- 
gions dense enough for collisional coupling to be impor- 
tant (Aft > 100 at z = 3.6 for x c = 1) or in dense re- 
gions where radiative coupling can operate (Aft > 40 at 
z = 3.6 for x a = 1). In contrast, galactic detections of 
3 Hc + from H n regions have found the 8.7 GHz line of 
3 He in emission. There, though, the electron number 
density is ~ 10 8 times higher than in the z ~ 3 IGM. 

Because the T s does not decouple significantly from 
Tcmb, detecting intcrgalactic 3 He + 8.7 GHz emission 
during this era would require a mammoth effort. Even 
if one were to take T s Tcmb for all the 3 He + gas in 
the universe, we find that sensitivities of ~ 0.3 [iK at 
~ 10 cMpc scales would be required. However, because 
we showed that T s ss Tqmb except in and near galaxies, 
the sensitivity requirements are at least a factor of sev- 
eral more stringent. Simple estimates suggest that this 
small signal still could be detected with the Square Kilo- 
meter Array. However, it is not clear that 3 He + is the 
dominant emission line at ~ 2 GHz and, for example, 
4.2 GHz hyperfme emission from 14 NV may be more im- 
portant (Sec. lIVBip . and 21 cm emission will dominate 
over the 3 Hc+ emission signal from z > 5.1. Detecting 
the 3 He + 8.7 GHz line in absorption is the focus for the 
remainder of this paper. 



III. PROSPECTS FOR DETECTION 

Fig. [T] shows an estimate for the 3 He + absorption sig- 
nal along four 190 cMpc skewers and at four times during 
He II reionization. Each skewer is calculated from the LI 
simulation in (To| . assuming that T s = Tcmb- He in re- 
gions can be identified from these skewers (the regions 
in which most pixels have zero flux). Note that these 
calculations do not capture the densest, most absorbed 
regions during He n reionization, which may remain self- 
shielded after He II reionization. After He n reionization, 
estimates are that there will be ~ 1 self-shielding system 
per 30 cMpc (e.g., [47;]). In addition, the ionizing radia- 
tion from the observed quasar will decrease the amount 
of absorption close to it, a " 3 Hc + proximity effect". This 
effect is not included in Fig. [1] and may prove valuable 
for probing the He n reionization process. 

In this section, we first discuss the high-redshift, radio- 
bright source population (Sec. IIII Ap and then quantify 
the prospects for detecting the 8.7 GHz absorption signal 
with existing and planned radio telescopes (Sec. IIIIBI) . 
We discuss three methods to detect the signal: (1) direct 
imaging of 8.7 GHz absorption, (2) a statistical detection 
of it, and (3) a targeted observation that uses the quasar's 
Lya forest absorption to locate regions with large r 3Ho + . 
We quantify the telescope specifications required to de- 
tect the signal with each of these methods. This section 
discusses only the formal sensitivity limit from thermal 
radiometer noise, and Sec. IIV Al describes important in- 



A. The high-redshift, radio-bright quasar 
population 

Radio-bright quasars represent ~ 10% of the quasar 
population, and their abundance peaks at z ~ 2.5 [48l — 
|50I |. The radio quasars described here are also opti cally 
luminous, allowing a determination of their redshift [48(. 
We use the fact they are optically luminous in Sec. IIII B~3l 
to consider the H I Lya signal in parallel. Many radio 
observations have identified and studied these rare ob- 
jects (48l. l49l l5lTl5l| . Taken together, surveys for radio- 
bright quasars cover a significant fraction of the sky, but 
are heterogeneous in flux limits, completeness, area, and 
spectroscopic followup in the optical. It is therefore chal- 
lenging to estimate space densities of this population. 

We found 17 sources with z > 2 and 1.4 GHz fluxes > 
200 m Jy from recent radio-bright quasar catalogs [HI, [49[, 
[Ell, [H3] ■ Our selection is not complete, and is only meant 
to indicate that such sources exist. In the z ~ 3.5 range, 
the luminous "GHz peaked" [EJ] source J1445+0958 at 
z = 3.53 with ~ 2 Jy at 1.4 GHz is very promising (one 
also has PMN J1230-1139 at z = 3.53 with 480 mJy at 
1.4 GHz and PMN J2003-3252 at z = 3.78 with 470 mJy 
at 1.4 GHz). At lower rcdshifts, one finds sources such 
as J0240-2309 at z = 2.23 with - 5 Jy at 1.4 GHz and 
several other z ~ 2.3 sources with ~ 2 Jy at 1.4 GHz [54| . 
At the high redshift end, the z = 5.11 quasar TN J0924- 
2201 has a flux of 70 mJy at 1.4 GHz [HHH. 



B. Sensitivity 

1. Directly resolving the 3 He + 

The RMS thermal noise for an interferometric mea- 
surement of the flux of a point source is 



AS 



2fe B7 T f 



sys 



A cff \/2t obs Au 

T sys 10 5 m 2 \ / week MHz \ * 
,20 a- A cS J \ t ohs Av J 



0.5 /iJy • 7 



where A c g is the effective collecting area of the interfer- 
ometer, 7 encodes the instrumental efficiency, Av is the 
width of the frequency channel, i b s is the integration 
time, and T sys is the system temperature of the instru- 
ment. Instruments that can currently operate at 2 GHz 
achieve system temperatures of 20-30 K, which is set by 
receiver noise rather than the sky (T s k y «4K). 

To directly resolve this absorption in mean density 
gas at z = 3.6 with a week-long observation, an ideal 
instrument with A e g = 10 4 m 2 requires a source with 
Si.sghz = AS/tq « 10 Jy (roughly five times the flux of 
any known z ~ 4 source), where t is the 3 He + optical 
depth for mean density gas in the Hubble flow. Here we 
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FIG. 1: The 3 He + absorption signal along four 190 cMpc 
skewers at different times during He n reionization, calculated 
from simulation LI in [ljj. The top- left panel is from z = 5.0 
and volume-averaged He II fraction of xhoIi.v ~ 0.9, the top- 
right is from z = 4.2 and XHeii.v ~ 0.7, the bottom-left is from 
z = 3.6 and £EHeil,v ~ 0.4, and the bottom-right is z = 2.9 
and iHeii.v ~ 0. Note that these simulations do not resolve 
the densest peaks, where T3 Hc + is largest. 



have considered 10 4 m 2 to be representative of existing 
telescopes [HI, where in the bands we consider: 1) the 
GBT has A cf{ ~ 5500 m 2 , 2) the GMRT (v < 1.45 GHz) 
has A cS ~ 18200 m 2 and, 3) the VLA has A cB ~ 7300 m 2 . 
For contrast, the Square Kilometer Array (SKA) would 
require a source with only Si.sghz ~ 100 mJy to im- 
age this signal. Overdensity (and infall) can boost the 
absorption and reduce these requirements. 

Sensitivities of AS ~ 1 /uJy in 1 MHz spectral bins have 
not been achieved at these frequencies. For example, 
Omar et al. [55| performed a 5 hr observation on the Very 
Large Array at 1.7 GHz in search of OH absorption along 
a sightline, and they achieved « 100 yuJy RMS per MHz, a 
factor of 100 off the mark for directly resolving the 3 He + 
signal. However, we show in subsequent sections that 
clever methods can relax the sensitivity requirements to 
detect this absorption to AS" « 30 fi Jy in spectral bins 
of 0.1 MHz. 



2. Detecting the power spectrum of 8.7 GHz absorption 

The power spectrum of T3h g + provides the simplest sta- 
tistical description of the 8.7 GHz absorption. To calcu- 
late the sensitivity of an instrument to the power spec- 
trum, we need to estimate the power spectrum of the 
instrumental noise. The power spectrum of the noise can 
be derived by equating k^ P(k)/ir with AS 2 , and is equal 
to 



P N (k)=AS 2 Av 



dy 
dv ' 



(14) 



where k is the wavevector in comoving units and k-^ is 
the Nyquist wavevector, and where, for redshifts at which 
Q m (z) « 1, 

1/2 

2 | '—^ ) cMpc-MHz -1 . (15) 



dy 
dv 



4.5 



If Pjv(fc) < Pr(k), where P T is the power spectrum of 
T3 Hc +(^), one can image individual fc-modes. 

The signal-to-noise (S/N) ratio of a statistical detec- 
tion of P T is given by 
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Pr(k) 



(16) 



Eq. (fl~6"| assumes Gaussianity. The noise should be Gaus- 
sian, but the signal will not be. When the signal is com- 
parable to the noise, Eq. (fl~6f is an overestimate. 

The S/N scales with experimental parameters (in the 
limit that radiometer noise dominates over sample vari- 
ance) as 
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where Nqso is the number of quasars in which this ab- 
sorption is observed, B is the bandwidth, and Eq. p7|) 
assumes that P T is independent of k (which is approxi- 
mately true for k < 10 cMpc -1 ). 

The top panel in Fig. [5] shows P T at 4 times during 
the LI simulation of He II reionization presented in [10| 
under the assumption T s — Tcmb (which is an excellent 
approximation; Sec. Ill Bj) . It is clear that the amplitude 
changes during He II reionization, but the shape does not 
evolve considerably, even though the He in bubbles grow 
substantially over the redshift range considered. Alias- 
ing makes the growth of bubbles less apparent in the 
1-D power spectrum (and other statistics may be better 
suited to discriminate the bubble growth and structure) . 
The "imaging" curve in Fig. [5] is the sensitivity of an ob- 
servation with AS/S = 10 -6 at 1 MHz (Eq. Q3J>, and the 
"statistical' curve is the error on P T in bins of Ak/k = 0.3 
for an observation with B = 100 MHz (including the cos- 
mic variance term using the signal from z w 3.6). 

The bottom panel in Fig. [2] calculates the S/N ratio 
(including cosmic variance) for different sensitivities in 
1 MHz spectral bins assuming B = 100 MHz and using 
the z = 3.6 signal shown in the top panel. This panel 
demonstrates that an observation with AS/S = 10~ 6 in 
1 MHz pixels is required to detect P T at S/N ~ 3 and that 
an observation that is twice as sensitive yields most of the 
available information (compare the AS/S = 5 x 10~ 7 
curve with the AS/S = 0). 



3. A guided observation that uses the Lya forest 

The sensitivity requirements to detect intcrgalactic 
8.7 GHz absorption are relaxed if the Lya forest absorp- 
tion (as well as Ly/3 and Ly7) can also be measured for 
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FIG. 2: Top panel: The power spectrum of T3 Hc + at several 
times during He n reionization, estimated from the LI sim- 
ulation of He II reionization presented in [ljj. Also included 
is the noise power spectrum (the curve labeled "imaging"), 
assuming an observation with AS/S = 10~ 6 at 1 MHz over 
B — 100 MHz. If the noise power is smaller than Pt 3h + , 
individual modes in the signal can be imaged. The "statisti- 
cal" curve is the error on P T in a bin of size Ak/k — 0.3. The 
vertical line corresponds to the Nyquist wavevector for 1 MHz 
spectral resolution. Bottom Panel: The cumulative S/N ratio 
as a function of wavevector for the z — 3.6 signal shown in the 
top panel, assuming B — 100 MHz and the specified AS/S in 
1 MHz spectral bins. 



the same intergalactic systems. Lyman-series absorption 
reveals where the densest regions in the IGM lie, such 
that the signal can be measured just from the pixels in 
which the S/N ratio is expected to be highest. This strat- 
egy can result in a large gain in an observation's sensi- 
tivity to 8.7 GHz absorption. In Sec. IIIIB21 we saw 
that an observation with AS/S ~ 1CT 6 for Av = 1 MHz 
was needed to detect this signal. Here we show that 
AS/S ps 3 x 1CT 5 for Av = 0.1 MHz in combination 
with Lya forest data can yield a significant detection of 
gas that will be ionized by He II reionization, and in Sec. 
1111 B 4l we show that dense systems could provide an even 
larger signal. 

Using the H I Lya forest as a template, an optimistic 
estimate for the S/N ratio that an observation of 8.7 GHz 
absorption can achieve is 
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(18) 

where d 2 N/dz7V H i ps 3 x 10 7 N m 15 (1 + z) 2A6 is the 
column-density distribution of A^hi using the fit in (56j 
valid for z > 1.7 and N m < 2 x 10 17 cm" 2 , N m in 



and N m ax are the minimum and maximum H I col- 
umn densities included in the measurement, and Az 
is the rcdshift interval that the observation spans. 
In addition, t Av ps <73 Hc + ./V3 He /Ai/, where <73 Hc + = 
c 2 /ij4i /(327tz/io£;.bTcmb), is the effective optical depth 
to the 8.7 GHz hyperfine transition if the absorber falls 
within a spectral pixel of width Av and has XHeii = 1- 
Finally, we assume Thi = 1CP 12 s _1 [33[ and we use the 
same mapping between A^hi and A^j^ used to derive 
Eq. ((SJ), which yields the scaling A 3He + ex AT H j . 

Equation (fT8|) is an estimate for the average S/N ratio 
that an observation of 8.7 GHz absorption can achieve, 
assuming that the location of all absorbers with TVhi be- 
tween N^f K and N m m is known (via the Lyman forest). 
In practice, the H I Lya forest saturates easily (and the 
other Lyman resonances are contaminated by absorption 
from Lya absorption at lower redshift and span a smaller 
rcdshift interval) such that it is difficult to discriminate 
between absorbers with Nm in the range 10 14 -10 19 cm~ 2 . 

A more realistic estimate for the S/N ratio may be 
to assume that an observation co-adds the radio signal 
from the location of dense absorbers with Nm > N m m 
(i.e., does not use knowledge about the value of Nm)- In 
this case, an estimate for the S/N ratio at which 3 He + 
8.7 GHz absorption can be detected is 




(ST Av )dN 



HI 



(19) 



Therefore, equation (fT5|) represents an A^i-weighted es- 
timate for the S/N ratio and equation (TrTj|) represents an 
unweighted estimate. 

Lya forest absorbers with A^hi > 10 13 cm~ 2 have 
widths of order 10 - 60 km s" 1 [H, Hi)]. Note that 
Av = 100 kHz at 2 GHz corresponds to 15 km s _1 . 
Lines with AThi > 10 15-16 cm~ 2 will self-shield even after 
He II reionization [l(| and have optical depths of unity 
to He II Lyman-limit photons. Systems that are mod- 
erately self-shielded arc still highly ionized, such that it 
is likely safe to consider absorbers with N m ax < 10 16 
enr 2 as probing He n reionization. Also, note that 
A fc ps 150 (A^Hi/10 17 cm- 3 ) 2 / 3 in the assumed model [H, 
such that x c ps 1 for A^hi = 10 17 cm -3 . Therefore, elec- 
tron collisions increase T s by a factor of 2 over T cm b at 
this column density and by a larger factor above it, re- 
ducing T3 Ho +. 

Fig. [3] shows our optimistic (dashed curves; Eq. [TS)) 
and conservative (solid curves; Eq. fT9|) estimates for the 
significance that 3 He + 8.7 GHz absorption could be de- 
tected with this method if XHoii = 1- We assume for 
this calculation z = 3.6, B = 100 MHz (Az ps 0.25), 



and N m ln 



10 3 cm 2 (thin curves) or Ahi,: 



10 



14 



cm-" (thick curves). Both the optimistic and conserva- 
tive estimates yield similar results, namely that AS ~ 
30 5hgII /^Jy is required to detect the 8.7 GHz absorp- 
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FIG. 3: Contours for 3, 5 and 10 a detections in the Ngf 
versus [AS/S (A^/0.1 MHz)] plane. The dashed curves are 
for the optimistic estimator and the solid are the conservative 
one. We assume for this calculation z = 3.6, N^ n — 10 13 
cm~ 2 (thin curves) or N^j n = 10 14 cm -2 (thick curves), that 
iHoii = 1, and B = 100 MHz. 

tion signal using absorbers with Nm ^ 10 16 cm~ 2 for 
S = 1 Jy. Also, note that it becomes easier to use the 
H I Lya forest absorption to find dense regions as the 
redshift decreases (and the forest becomes more trans- 
parent), and it would be difficult to use this absorption 
to guide 8.7 GHz absorption studies at z > 5 where only 
underdense regions are unsaturated. 

Fig. [3] shows that observations with AS/S >2x 10~ 5 
are most sensitive to the highest column density lines 
(Nm > 10 16 cm -2 ). However, for such observations there 
will be significant sightlinc-to-sightlinc scatter in the sig- 
nificance of a detection: There are ~ 1 systems with 
-/Vhi > 10 17 cm -2 per 100 MHz and this number scales as 
N~°- 5 with N m . 

4- 3 He + absorption in super Lyman-limit and damped Lya 
systems 

Thus far we have focused mostly on 3 He + absorption in 
intergalactic absorption systems with Nm ^ 10 16 cm~ 2 . 
Higher column-density systems are not as affected by 
He II reionization. However, clouds with Nm <L 10 20 
enr 2 (called "DLAs") are easily identifiable in the H I 
Lya forest because the damping wings of the hydrogen 
line appear in absorption. There will be ~ 1 such system 
per unit redshift at z « 3 (56|. 

These systems may make the easiest targets to search 
for large values of t 3Hc + , and, since they will appear in 
absorption even after He II reionization, programs that 



aim to find redshifted 3 He + absorption may find the most 
immediate success if they target low-redshift DLAs, uti- 
lizing the brightest extragalactic radio sources on the sky. 

It is thought that between Nm ~ 10 17 cm~ 2 and 
Nm ~ 10 21 cm -2 , the nature of these absorbers shifts 
from being overdense intergalactic regions to being sys- 
tems that live within halos and in galactic disks. Un- 
fortunately, systems with Nm ^ 10 18 cm -2 are not as 
well-understood as those with lower ./Vhi because hydro- 
dynamic simulations of the IGM do not include the de- 
tailed radiative transfer needed to model the ionization 
state of dense, self-shielding systems. It is not obvious 
how much He n absorption is expected from these high 
column-density systems and such modeling is beyond the 
scope of this paper. It is possible that some dense sys- 
tems have T3jr e + ~ 10 (especially at low redshift where 
Tqmb is smaller). See footnote [89[ for further discussion. 



C. 3 He + absorption from z > 5.1 

Lower redshift 21 cm emission contaminates the 3 He + 
signal at z > 5.1. A mere 10 8 M Q in neutral hydrogen 
with 20 km s _1 circular velocity at z = 0.3 has S ~ 5 /iJy 
It is conceivable that this large contaminant could pro- 
hibit the use of 3 Hc + 8.7 GHz absorption at high redshift. 
The most obvious application for 8.7 GHz absorption is 
to study He I reionization (which should be concurrent 
with hydrogen reionization). 

Fortunately, low-redshift 21 cm emission is confined 
to galaxies, and, therefore, a small enough interferomet- 
ric beam may be able to peer through the holes in the 
galaxy distribution and detect this high-redshift 8.7 GHz 
absorption signal. The z = H I luminosity function 
constructed with the HIPASS survey extends to galaxies 
that contain 10 7 Mq in neutral hydrogen, with a number 
density of detected objects of order 0.1 cMpc -3 [HI]. If 
we conservatively assume a galaxy number density of 1 
cMpc" 3 , to observe 8.7 GHz absorption at z = 7 (or 
21 cm radiation from z = 0.3) requires a beam con- 
structed with baselines of length ~ 1 km in order for 
1 foreground galaxy on average to enter the beam per 
10 MHz. In addition, if we assume that all galaxies have 
radius 10 kpc in this toy model, the ultimate limit that 
a long baseline observation could achieve is ~ 0.01 fore- 
ground 21 cm-emitting galaxy per 10 MHz. 

Observations of reionization of the first electron of he- 
lium via 3 He + 8.7 GHz absorption would require a bright 
z > 6 source. It is possible that a bright enough pop- 
ulation of sources exist. Carilli et al. [53| observed two 
z = 5.2 radio galaxies that had fluxes 74 mJy and 18 mJy 
at 1.4 GHz to search for high-redshift 21 cm absorption. 
These sources were also selected to have a soft spectral in- 
dex, so it is possible that even brighter z > 5 sources exist 
at ~ 2 GHz. Under ideal conditions, a 1 week observa- 
tion of a 50 mJy source with the SKA would be sensitive 
to 1 /iJy absorption features. 
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IV. CONTAMINANTS 
A. Instrumental sources of contamination 

There are a few significant challenges to the proposed 
program of wideband precision spectrometry: 1) terres- 
trial radio frequency interference (RFI), 2) passband cal- 
ibration and stability, 3) gain calibration across polariza- 
tions, 4) distortions owing to a turbulent ionosphere, and 
5) the frequency dependence of the instrumental beam. 
While it is beyond the scope of this study to quantify the 
severity of these challenges, we argue that many of these 
challenges are less severe for observations of 8.7 GHz ab- 
sorption compared to z > 6 21 cm emission. 

The relevant spectral band has many broadband trans- 
missions and satellite downlinks, with only small re- 
gions formally limited to radio astronomy I90|. While 
geographic avoidance of sight lines is helpful |59|], RFI 
presents significant challenges to a wideband measure- 
ment. Transmissions will also be a concern for redshiftcd 
21 cm observations. Because observations of 3 Hc + ab- 
sorption will only target a small patch of the sky and 
can rely on the correlations between the longest baselines 
whereas the sensitivity of redshifted 21 cm observations 
is dominated by short baselines of < 100 m [60| . it may be 
easier to control this systematic for 8.7 GHz absorption. 

Passband calibration is another significant considera- 
tion. While the error from thermal noise decreases with 
the square root of the integration time, variations in the 
passband (caused by instrumental resonances, or varia- 
tions in the spectrometer passband) represent an irre- 
ducible noise term that could remain after usual cali- 
bration techniques such as chopping on and off-source. 
Because the signal power spectrum spans a wide range 
of spatial wavevectors, statistical detection may benefit 
slightly if passband errors are restricted to particular fre- 
quencies or wavevectors. 

A third systematic, gain differences between the two 
linear polarizations, could lead to spurious signal. This 
systematic is more severe for cosmological 21 cm obser- 
vations. For an observation of 21 cm emission at 200 
MHz over a bandwidth of 10 MHz, the polarization vec- 
tor of the foregrounds will rotate 2 rad for rotation mea- 
sure (RM) equal to 10 -3 radcm~ 2 (a rough value for RM 
above the galactic plane [6l|) whereas for 8.7 GHz emis- 
sion at 2 GHz over 100 MHz it will rotate 0.02 rad. There- 
fore, such gain miscalibration will lead to more line-of- 
sight structure for redshifted 21 cm emission. 

Fourth, the ionosphere will distort the signal on 
timescales that are as small as seconds. However, the 
ionospheric distortion is much smaller for redshifted 
8.7 GHz absorption than that of redshiftcd 21 cm [62| . 
Deflections through the ionosphere are less than 4" , com- 
pared to 0.16° at 250 MHz. 

Finally, the beam of any instrument is a function of fre- 
quency, such that additional sources enter in the beam 
as the frequency decreases. If the beam is sufficiently 
smooth with frequency, any leakage from sources enter- 



ing and exiting the beam will contribute a smooth com- 
ponent on top of the signal that can be subtracted off. 
Since the severity of this leakage enters as a Av/v ef- 
fect, this systematic is also likely to be less of a concern 
for 3 He + observations than for that of redshifted 21 cm: 
Redshifted 21 cm measurements are most sensitive to 
> 10 cMpc modes for which Av/v < 100 [6(| whereas 
3 Hc + observations are sensitive to < 1 Mpc modes for 
which Avjv > 1000. 



B. Line emission contaminants 

Since the abundance of 3 He + is not much larger than 
the universal abundance of certain metals, contamination 
from different lines is a considerable concern. Our galaxy 
is the strongest source for many of the possible contami- 
nating lines. However, terrestrial and galactic transitions 
can in principle be masked in searches for the redshiftcd 
3 Hc + absorption 91 1. Extragalactic lines are weaker, but 
cosmological rcdshift allows higher frequency transitions 
to fall into the desired range and smears their effect over 
a range in frequency. In what follows we argue that the 
most likely contaminants are subdominant to the 3 He + 
signal. 



1. Hyperfine transitions from metals 

For hydrogenic hyperfine transitions, the wavelength 
depends on the inverse cube of Z [2?], H^|. Therefore, 
hydrogen-like (Is) transitions are at much higher fre- 
quencies, and only lithium-like (2s), boron-like (2pi/ 2 ), 
and sodium-like (3s) ionic states fall at frequencies that 
can contaminate the 8.7 GHz signal. There are a few ef- 
fects that suppress these contaminants: (1) isotopes that 
have nuclei with non-zero spin are generally rare, (2) the 
abundances of metals is low (especially in the IGM at 
high redshift where the average metallicity is ~ 10 -3 So- 
lar), and (3) generally only a fraction of the metals are in 
the ionization state that could contaminate the 8.7 GHz 
signal. 

We find that the most threatening hyperfine lines are 
the 4.2 GHz transition of 14 NV (A = 9.8 x lO^s^ 1 , 
with isotopic fraction of 99.6%, and mass fraction 1.3 x 
10~ 3 W fib, where W is the abundance relative to Solar), 
the 5.6 GHz transition of 13 CIV (A = 1.7 x lO'^s" 1 , 
1.1%, 7.3 x 10- 5 Wn b ), and the 5.0 GHz transition of 
29 SiV (A = 6.3 x 10~ 13 s-\ 4.7%, 4.4 x 10" 5 W Q b ). Of 
these transitions, 14 NV will be biggest concern. However, 
it should be a subdominant absorber to 3 He in the IGM 
because its Einstcin-A is 20 times smaller and its num- 
ber density is only comparable for W = 0.1 ^> (Wigm)- 
Also, the spin temperature is probably coupled to the gas 
temperature for 14 NV (as well as for other non-hydrogen- 
like hyperfine transitions), suppressing its absorption (sec 
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2. Radio recombination lines 

Radiation emitted and absorbed through transitions 
in extremely excited states of hydrogen - radio recombi- 
nation lines (RRLs) - has been considered as a possible 
contaminant for H I 21 cm radiation (e.g., (fiH). The 
RRLs of H I fall at frequencies 
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where n is the principal quantum number. If a line falls 
within a frequency channel of width Av it contributes an 
optical depth [64 1 



r RRL = 2x10 
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where we have assumed local thermodynamic equilibrium 
(LTE) and EM is the emission measure. Note that it can 
be dangerous to assume LTE for RRLs. Collisions drive 
the occupation number of the highest n states closest to 
LTE, but lower n states will often be depopulated relative 
to LTE. This inversion can lead to enhanced emission or 
absorption from the highest n states than in LTE (and 
even maser emission). However, Shaver |64j showed that 
the corrections from LTE are most important at lower 
frequencies than relevant here. 

Ha surveys find that in the direction of the galactic 
poles EM ~ lcm~ 6 pc [65|, and the contribution to the 
EM from extragalactic objects will be comparable. Stud- 
ies of damped H I Lya systems in the Lya forest reveal 
that a typical sightline passes through the outskirts of a 
few galaxies [66|], and so we expect (EM) ~ 10cm~ 6 pc. 
Therefore, trrl should be much less than T3 Ho + . Note 
that a sightline may pass through a galactic H n region 
where trrl is much larger. However, because the typical 
size for the radio emitting region of a quasar is ~ 1 kpc, 
H II regions in an external galaxy can cover only a small 
fraction of the quasar radio beam. 

RRL emission should also be unimportant. The radio 
recombination line emission from a 10 kpc disk at a dis- 
tance of 1000 cMpc contributes 10 -4 /ijy when averaged 
over a 1 MHz pixel, assuming EM = 1 cm -6 pc for all 
sightlines that intersect the disk and Tk = 10 4 K. 



3. Molecular Lines 

Rotational transition rates of molecules are gener- 
ally many orders of magnitude higher than for 3 Hc + . 
Fortunately, the lowest lying rotation lines of diatomic 
molecules rotation lines lie at > 50 GHz, and would enter 
our 1 — 2 GHz band at rcdshifts at which their abundance 
is negligible. However, the redshifted signal of hypcrfinc 
lines from OH at ~ 1.7 GHz [(37} or rotational modes of 
polyatomic molecules like H 2 CO at 4.83 GHz, CH3OH 
at 6.67 GHz and 12.18 GHz, H 2 at 22.2 GHz El, and 



NH3 at 23.7 GHz fall into our band (although, the latter 
two transitions would originate from z > 10). 

The abundance of polyatomic molecules even in molec- 
ular clouds is many orders of magnitudes lower than 3 He 
(with the exception of H 2 0), and we find that their ab- 
sorption signal is subdominant to 3 Hc + except where the 
sightline directly passes through a galaxy. At these in- 
tersections, OH absorption at rest frame frequencies of 
1.5—1.7 GHz is likely the biggest concern (contaminating 
the 8.7 GHz absorption for z > 4). Molecular emission 
lines from galaxies that enter the beam can also contami- 
nate the signal, but we estimate that their signal is again 
unimportant if LTE holds. 

However, these low frequency molecular lines are of- 
ten not found to be in LTE and several such lines are 
associated with maser emission (Tu no < 0) and can be 
extremely bright. In particular, OH 2 n 3 / 2 state hyper- 
fine transitions in galaxies from z = — 0.2 are a possible 
contaminant of the 3 Hc + signal at 1.5 — 1.7 GHz ( 3 Hc + 
absorption at 4.1 < z < 5.1). These masers are con- 
centrated in massive galaxies that are ultra-luminous in 
the infrared (because far infrared radiation pumps these 
masers) . A small enough interferometric beam avoids sig- 
nificant contamination from these rare galaxies, and the 
beam size requirements are much less stringent than to 
avoid low redshift 21 cm emission outlined in Sec. MI CI 

The other potentially important known molecular 
maser transition is the 6.67 GHz transitions of H 2 CO. 
However, the only identified extragalactic H 2 CO masers 
are in the Large Magellanic Cloud (with L as 10~ 5 — 
10~ 6 Lq), and despite H 2 CO maser searches toward M33 
and strong OH maser galaxies, o nly upper limits have 
been placed on their luminosities 



4- Fine structure lines 

Absorption by fine structure lines can occur from an 
electronic state with n > 1 provided it has no downward 
allowed An > 1 transitions, which would depopulate this 
state. We concentrate only on hydrogen because of its 
abundance. For hydrogen, only the 2S state meets the 
above criteria through the 2P 3 / 2 — > 2S1/2 transition at 
2.7 cm (10.9 GHz), which has spontaneous transition rate 
= 8.9 x 10~ 7 s _1 [7^. This transition can appear 
in absorption in H 11 regions (if the 2S state is pumped 
by recombinations or collisions) or in H 1 regions (if it 
is pumped with H 1 Lyman-/? absorption followed by Ha 
emission). However, Dijkstra et al. [tT| showed that the 
later mechanism is extremely inefficient. Furthermore, 
in an ionized IGM, the Gunn-Peterson optical depth for 
this transition is t fs ~ 10" 15 [(l + z)/4] 9 / 2 A 2 . Therefore, 
intergalactic 2P 3 / 2 — > 2Si/ 2 absorption by hydrogen is 
completely negligible compared to that of 8.7 GHz 3 Hc + . 

In galactic H II regions, collisions and recombinations 
mediated by the higher densities will more efficiently 
pump the 2S state, and it is possible that 2P 3 / 2 — > 2S' 1 / 2 
absorption will exceed our signal. Along a sightline such 



11 



regions will be rare and will be associated with DLAs 
in the H I Lya forest, allowing these absorbers to be 
masked. 

V. CONCLUSIONS 

We have considered the 2 Si/2 F = — 1 8.7 GHz hyper- 
fine transition of 3 He + as an observable of the ionization 
state, density structure, and composition of the inter- 
galactic medium. Despite the ~ 10~ 5 deficit in abun- 
dance of 3 He relative to hydrogen, this transition is com- 
pelling because of 1) the high spontaneous rate, which 
exceeds the 21 cm rate by a factor of 680, 2) the con- 
venient frequency range over which the redshifted signal 
falls, which has much lower sky temperatures compared 
to the frequencies for z > 6 21 cm emission, and 3) the 
techniques needed to extract this signal are in sharp con- 
trast with that of redshifted 21 cm emission. 

We showed that collisional and radiative processes are 
insufficient in the IGM at relevant redshifts to couple 
3 Hc + to T k or T a , and, thus, T s « T C mb- Since T s docs 
not decouple significantly from T^mb at relevant densi- 
ties (T s < 2T CM B for A b < 100 at z = 3.6), detecting 
intcrgalactic 3 He + 8.7 GHz emission from this era would 
require a mammoth effort, but the 3 Hc + 8.7 GHz line 
may be observable in absorption along the sightline to 
bright quasars with present and upcoming instruments. 

An obvious science application of 3 He + hypcrfine ab- 
sorption is to study He n reionization. This process is 
believed to occur at lower redshift than hydrogen reion- 
ization, with several lines of evidence indicating that it 
completes by z ~ 3. However, all present observations 
that claim a detection of He n reionization are contro- 
versial because of their indirect nature. The most direct 
present-day probe of this process is the He n Lya forest, 
but this absorption saturates at He II fractions of 10 -3 
at the cosmic mean density. 

In contrast, intergalactic hyperfine absorption of 3 He + 
is a linear tracer of the product of the density and the 
fraction of helium that is He II. This absorption against 
the brightest sources at z ~ 4 (which have S ~ 1 Jy) 
creates ~ 1 /xJy fluctuations on > 0.1 MHz scales. While 
such sensitivities are beyond the reach of present-day in- 
terferometers, we showed that a 10 5 m 2 instrument op- 
crating at its thermal limit could directly resolve these 
fluctuations, and the SKA could potentially image these 
fluctuations with high signal to noise. 

A key insight that reduces the sensitivity requirements 
for detection is that H I Lya forest absorption at opti- 
cal wavelengths can be used to locate the spectral bins 
with large values of T3jj e + ( m overdensities) . Using this 
information to stack pixels in a radio observation, one 
can statistically detect 8.7 GHz absorption with an RMS 
noise of ~ 30/xJy in 0.1 MHz spectral bands over 100 
MHz (Az w 0.25) on a 1 Jy source. These sensitivity 
requirements may be within the reach of present inter- 
ferometers. 



Furthermore, at z < 3 current instruments may be 
able to study 3 He + absorption in systems that are self- 
shielded to He n-ionizing photons against the brightest 
radio sources on the sky. Estimates arc that there are 
~ 10 such systems per 100 MHz, and H I Lya forest in- 
formation can also be exploited to stack such systems. 
At present, there is considerable uncertainty with mod- 
eling 8.7 GHz absorption from the most dense systems 
(-Nhi ^ 10 18 cm" 2 ), and further study is required to un- 
derstand how much absorption is expected. However, the 
densest systems, which will appear as DLAs in the Lya 
forest, could have r 3Hc + ~ 10~ 4 . 

Another application of intergalactic 8.7 GHz absorp- 
tion is to constrain the primordial 3 He abundance. To 
achieve such a constraint, an interferometer would target 
intergalactic He n regions along skewers, and from these 
directly measure the abundance of 3 He, analogously to 
how flf, is measured from the H I Lya forest. Such obser- 
vations would need to image the signal (~ /zJy sensitivi- 
ties in ~ 1 MHz spectral bins). The primordial 3 He abun- 
dance is currently constrained by observations of galactic 
H II regions, which involves detailed modeling of the H II 
region lines and is also uncertain to the extent stellar 
nucleosynthesis effects the abundance in these regions. 
An intcrgalactic measurement of the 3 He abundance does 
not suffer from these uncertainties and, therefore, could 
be more decisive. 

Finally, an even more ambitious project would be to 
use this absorption to study the reionization of the first 
electron of helium, which is thought to occur at the same 
time as the reionization of hydrogen. To study the reion- 
ization of the first electron of helium using 8.7 GHz ab- 
sorption with the SKA would require a ~ 50 mJy source 
at z > 6 to image this signal (assuming perfect instru- 
mental calibration and T sys = 20 K) . Source populations 
at high-redshift are very uncertain, but we argued that 
it is possible that such sources exist. Low-redshift 21 cm 
emission falls in the same band and can contaminate such 
observations. However, an intcrferomctric measurement 
with > 1 km baselines should be able to avoid significant 
contamination from this foreground. 

Further study of precision wideband spectrometry 
in this (super-21 cm) range may prove worthwhile. 
The dominant radiation at these frequencies is the 
well-characterized CMB such that it may be possible 
to isolate interesting foreground signals. Potential 
observablcs in this band include other intcrgalactic 
hyperfine lines [68| . molecular and fine-structure lines 
from the first galaxies [72|, [73| , and spectral distortions 
produced during cosmological recombination [74[ . 
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In charge exchange, Hc + + H o He + H + + 7. The 
forward rate gives an upper bound on the spin exchange 
through this mechanism, and is (78j 



a^Hdi 



-(1 x 10 



- 15 cm 3 *- 1 ) 



7k 



300 K 



1/4 



riHXm, 



(A2) 

which, during this era, is ~ 10 24 s 1 , and so is also 
negligible. In addition, charge exchange with atoms other 
than H should be even more negligible. 



Appendix B: Electron-' He+ scattering 



While this project was nearing completion, we learned 
of a similar effort on 3Hc+ hypcrhnc emission by Bagla 
and Loeb [75[ . We refer the reader there for complemen- 
tary discussion. 



Here, we consider the spin exchange from electron- 
3 Hc + collisions (described in Sec. Ill F3 II) in more detail. 
For an incident plane wave, the output wave has an un- 
scattered and a scattered component 



Appendix A: Additional spin temperature-coupling 
processes 

In addition to collisional and radiative processes, there 
are four other processes which are subdominant: 1) mag- 
netic dipole interaction with a passing electron, and in- 
teractions between the proton spin and a passing elec- 
tron 2) bound-free and free-bound processes, 3) collisions 
that drive electronic state transitions or resonant scatter- 
ing, and 4) charge exchange [28| . However, the magnetic 
dipole interaction between the ionic electron and passing 
electron as well as the interaction between the proton 
and passing electron is negligible (3?]|- Thermal electron 
capture at low Z is also subdominant to the thermal spin 
exchange [76j . 

Electronic excitation of the 3 He + from a passing elec- 
tron can perform a similar role as radiative spin pump- 
ing. To excite Is — > 2p, one needs 25th = (3/4)^ 2 i?Ry « 
40.8 eV > k B T k (where E Ry = 13.6 eV), which is clearly 
scarce at relevant temperatures of ~ 10 4 K. Additionally, 
an electron can scatter resonantly through an intermedi- 
ate state. Here, the passing electron becomes temporarily 
bound, introducing Ef [oe + -Blinding to excite the ground 
state. We follow [28j in estimating the contribution from 
this process. First consider the impact excitation for a 
free electron. Here, the cross section is relatively flat 
above threshold E t h [z3, and 



1 



01s-2p 



(fc B T k ) 2 
9 eV 



dEa{E)Ee 



-E/(k B T k ) 



ale 



Eth/(fc B T k ) 



(Al) 



The resonant (intermediate bound state) form of this pro- 
cess is roughly boosted by exp(Z 2 £ , R y /(4/cB7k). This 
is still clearly insufficient at IGM temperatures (where 
&B^k ~ 1 °V -C (2/3)i?th) to boost the spin exchange 
rate. 



tf out oc e ikx + f k {6) 



(Bl) 



such that the differential cross section is da/dVl = 
\fk(9)\ 2 . We index the spin state using bra-ket no- 
tation with placeholders nuclear spin, comma, atomic 
electron spin, scattering electron spin. In analogy to 
[4l| . but applied to 3 He + , the atomic wavefunction 
for the singlet excited state is ipu/y/2[\ |,| ■) — | |,| •)] 
where ipn is the space part of the wave function. 
An unpolarized incident electron has wavefunction 



kx /V2[( 



■*7 



T) + It I)]- The combined spin space of 



the incident electron and singlet-state atom that will pro- 
duce a spin exchange is ip H e lkx /2[e n \ |,lt) _ I l>tl)]- 
We can write the electron-electron component of the 
interaction as the sum of triplet and singlet states, 

it,it) = |[(it4t> + it,n» - (it,tt>-it4t»]. 

Through the interaction, though, the electron-electron 
singlet and triplet will be mapped differently to output 
states as 



1 



It, It) H- - \T(9) (|t, It) 



t,tl» 

S(0)(|t,tl>-|t,lt»], 



(B2) 



and analogously for | I, t|). Here, T{9) and S{9) describe 
scattering through angle 9 between the asymptotic in and 
out states in the momentum basis. If we now find the 
matrix element to the final state rrip = 1 of the F = 1 
atomic triplet output state (f,t 'I to get the scattering 
part of the matrix element 

-^pL[e^(T(9yS(9))\; ■ I)] — = -\T(9)-S(9)\\ 

(B3) 

(Note that this calculation simplifies the wave functions 
to anticipate terms that contribute to the mp = 1 or 
T final state cross sections 



mp 



41 



The restriction 
to spin-flip wavefunctions does not apply to mp = 0.) 
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Exp and T and S identically in the partial wave basis as 



Kxp , 

m 



T ^ = ^ £( 2 * + - l]P*(co S (0)). (B4) 



This relates the momentum space representation of T{0) 
and S(6) to an angular momentum basis in which the 
scattering matrix is diagonal, making unitarity manifest 
through real phase shifts <$| and 8\. Integrating da/dft 
over angle and using the orthogonality of the Legendre 
polynomials gives 



4fc 2 4^ 



(2£+l)sin 2 (<5|-(5 £ s ). 



(B5) 



Taking the total cross section to any of the triplet state 
produces the factor of 3 in Eq. [7] 

To evaluate a. we use the calculated values for the 
phase shifts in [361 ]. However, even without knowledge 
of these values, one can derive a unitarity bound assum- 
ing that s-wave scattering dominates. Note that s-wave 



scattering dominates the spin-exchange cross section at 
relevant energies [13] ■ Since sin 2 (5g — 8q) < 1, this yields 
the bound 



3tt 
4fc 2 



3tt 13.6 eV 

kuT 



at 



(B6) 



This bound is only 30% larger than our more detailed 
estimate for a (Eq. [5]). 

All of the interaction physics in our calculation of a is 



hidden in 8j 



and 8f . Employing a more physically com- 



plete approach, Augustin et al. [76j decomposed the scat- 
tering matrix into a direct (Rutherford) Coulomb scat- 
tering term and an exchange term. They then proceeded 
to evaluate the exchange term using the Coulomb wave 
function for the scattering electron. They found that 
cr oc Z~ 2 /E for hydrogen-like ions, where Z is the nu- 
clear charge. Thus, the effectiveness of spin exchange 
decreases with nuclear charge. 
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stantially neutral. Because of this, the ratio of Nsi to 
A jr 3 Hc + wm be smaller than for lower Nm systems. How- 
ever, the helium in H I regions will often stays in the 
He II state because the photoionization cross section for 
He I is a much flatter function of frequency than that 
of the H I. Thus, hard photons penetrate into H I re- 
gions and keep the helium singly ionized. An effect that 
suppresses the 3 He + absorption signal is that at particle 
densities of n = 3 x 10 -3 cm -3 in H II regions (and of 
n = 4 x 10~ 2 cm -3 in H I regions) T s = 2 Tomb- Hence- 
forth, T s increases approximately linearly with density 
such that T3 Ho + becomes independent of density. 

[90] The FCC only formally allocates 1.66 GHz to 1.67 GHz 
to radio astronomy and experimental downlinks. For a 
survey of RFI at the GBT see L-band and S-band RFI 
studies under [http : //www.gb.nrao . edu/IPG/ 

[91] The frequencies under consideration fall below the most 
notable molecular resonances in the atmosphere, and are 
well above the plasma frequency of the ionosphere, so 
these are both mild considerations compared to lower and 
higher-frequency experiments. In this frequency range, 
the atmosphere's effective temperature is ~ 1 K [29l . l8ll ] 
and is dominated by emission from molecular oxygen 
(which is very flat in frequency [U), but depends on 
precipitable water vapor at the level of 1 mK/mm. Fur- 
ther, in the bulk of the atmosphere, pressure broadening 
wipes out spectral structure on the scales considered. 

[92] Collisions that change the valence electron state between 
the nS and nP electronic states in non-hydrogen-like ions 
may efficiently pump these hyperfine lines at IGM den- 
sities [2j|, resulting in emission. Therefore, redshifted 
14 NV may provide an important contribution to the dif- 
fuse background at ~ 2 GHz at the 5Tb ~ 10 -7 K-level, 
assuming (W) = 0.1. 



